The article presents the analysis results of the influence of laser fluence on physical and chemical structure and corrosion resistance of stainless steel surfaces modified by irradiating with nanosecond-pulsed laser. The study was carried out for AISI 304, AISI 316 and AISI 321 substrates using Yb:glass fiber laser. All measurements were made for samples irradiated in a broad range of accumulated fluence (10÷400 J/cm 2 ). The electrochemical composition (by EDX) and surface morphology (by SEM) of the prepared surfaces were carried out. Finally, corrosion resistance was analyzed by a potentiodynamic electrochemical test. The obtained results showed very high corrosion resistance for samples made by fluency of values lower than 100 J/cm 2 . In this case, higher values of corrosion potentials and breakdown potentials were observed. A correlation between corrosion phenomena, the range of laser power (fluence) and the results of chemical and structural tests were also found.
Introduction
The main advantages of using laser in materials engineering are non-contact working, high repeatability, high scanning speed, worked area comparable to the laser spot, high flexibility and automation. In the last years, one of the developed laser application has been marking/engraving. Laser marking/engraving allows for labelling various kinds of patterns or texts on metallic and plastic products or component surfaces [1, 2] and is widely applied in, for example, making product serialization, copyright patterns, automotive industry, surface textures or gifts and metal jewellery design [3] . In the case of metallic materials, the laser application in the surface treatment is focused on, among other things, aluminium and titanium [4] . Many applications refer to different kinds of stainless steels [5] . When a metallic surface is irradiated with high power laser radiation, one part of energy is reflected and the other is absorbed. The absorbed part rapidly increases the subsurface temperature which can cause the surface microstructure and composition modification, oxide film forming, crystal defect initiating, changing in crystal structure or phase transition [6, 7] . In the case of stainless steel, it can be a serious problem due to the possibility of corrosion resistance change and thereby future exploitation properties. The aim of this work was to evaluate the effect of laser treatment on the corrosion resistance of stainless steels, such types as AISI 304, AISI 316 and AISI 321. The study was performed for the commonly used MOPA Yb:glass fiber laser (1062 nm) configuration. The electrochemical composition (by EDX) and surface morphology (by SEM) of the obtained surfaces were carried out; corrosion resistance was analyzed by a potentiodynamic test -according to Norm [8] .
Materials
Three types of stainless steel (AISI 304, AISI 316, AISI 321) with different chemical compositions were selected (Table 1 ). In spite of inconsiderable differences in the content of alloy additions, they are characterized by different corrosion resistance and are used in various applications. Stainless steel AISI 304 is used most frequently, which results from its anti-corrosion properties as compared to the price. AISI 304 can be used in the atmospheric environment, natural water, alkaline solutions and certain acids. The most popular acid-resistant material is steel AISI 316, which exhibits increased resistance to corrosion in very aggressive chemical environments. The third tested type is AISI 321, which shows high resistance to inter-crystalline corrosion and resistance to the work in higher temperatures, i.e. 400 -800°C [9] . From each of the three types of steel, 60x100 mm rectangular samples were cut out of 1 mm sheets. After rinsing the surface with isopropyl alcohol, the test layers were made by means of laser radiation with fluences in the range in which it was possible to obtain laser colourful coating. The value of fluence, which is used to determine the degree of intensity of laser radiation impact, takes into account individual parameters of the laser influence in accordance with the accumulated fluence formula [4] .
where P -laser power (W), ω 0 -beam waist of the laser (microns) and V -scanning rate (mm/sec). The laser power was constant and was 4.4 W and a change in fluence values was achieved by changing laser scanning rates of sample surfaces. For each of the three tested steels, four series of colourful layers with eight fluence values which were changed by 50 J/cm 2 in the range from 50 J/cm 2 to 400 J/cm 2 were carried out.
Experimental details
Each of the four test series was subjected to other tests which checked the properties of the obtained layers: a chemical composition and morphology, electrochemical corrosion tests and corrosion resistance tests in neutral salt mist.
Chemical composition testing
The measurement was made with the use of scanning electron microscope (SEM) Zeiss EVO 25 with an extension enabling an additional analysis of the elemental composition using X-ray spectroscopy with energy dispersion (EDX). Measurements on 300x300 µm surfaces were carried out, which made it possible to become independent of local defects of the surface morphology, recognizing the measuring field as representative for the whole test field. The percentage composition of the researched elements was defined. The fact that the depth of beam penetration for the X-ray analysis reaches up to 1 µm, which may exceed the thickness of the produced surface layers, was taken into account when interpreting the results [10, 11] . The researched continually have an austenitic structure with an interstitial solid solution of one or more elements from Fe-γ. The main components of these alloys are chromium and nickel. It is the content of chromium that predominantly determines the anti-corrosion steel properties because the oxides of this metal form a passive protection layer, whereas the remaining components stabilize this layer in different situations resulting from the work environment. Figure 1 presents a comparison of the content of individual elements in each of the three types of the researched steels. The content of oxygen in the subsurface layers, which grows along with the increase of fluence, shows a formation of oxides of alloy metals included in the steel, hence a similarly decreasing percentage content of iron and nickel. During laser heating of the surface, a disarrangement of the outer-selfpassivated coating consisting mainly of Cr 2 O 3 occurs because it is not stable in high temperatures, hence different changes in the content of chromium. Chromium atoms diffuse into the subsurface clusters, whose depth and multiplicity in this case depend on the temperature generated by a laser beam [12] .
Surface morphology
During the process of laser heating of metal surfaces, oxidation reactions of part of the metallic alloy components occur in the surface layer. The oxide layer may vary as to the chemical composition, thickness, continuity and adhesion to the substrate depending on the laser power (fluence) and the generated temperature. All changes will significantly affect corrosion resistance of the layer. 2 is continuous and tight on each tested steel. It can be clearly seen that starting from a value of 100 J/cm 2 more and more micro-cracks occur on the passive oxide layer along with the increase of fluence. This phenomenon is similar for all analyzed steels.
Corrosion resistance
The tests were performed by a potentiodynamic method in accordance with Norm [8] .
The electrolytic environment of measurements was chosen in such a way that it could reflect the most frequent risks in the conditions of a potential application of layers. The tests were carried out in a diluted solution of sulfuric acid having a pH of 3,5. The range of variability of measuring potentials for each of the solutions was from -1 V to +0,8 V against a saturated measuring electrode. The measurements were made in a flat measuring cell -type A-011951, where a counter electrode was a platinum wire. Changes in potentials and the measurement of intensities caused by currents were carried out by means of potentiostat -galvanostat ATLAS 0531 device. Changes in potentials occurred at a rate of 1 mV/s. The measurement results were compiled by means of Bio-Logic Company computer program EC-LAB version 10.37 -Science Instruments. For each measurement, on the basis of anode and cathode coefficients of the slope of straight lines which obeys the Tafel's law, the following process parameters of the corrosion process were specified: corrosion potential Ek [mV], corrosion current density Jk A/cm 2 . The results presented below were calculated by taking into account a potential of the calomel electrode. By increasing the potentials further over the values of the equilibrium potentials of Tafel cathode and anode processes, the potentials values of layer breakdown Ebreakdown [mV] were specified, in which a sudden increase in the intensity of the measured currents occurred. The obtained results should be considered to be very interesting. The continuity of layers produced on each of the researched steels at a laser radiation fluence of 50 J/cm 2 , which was found in Fig. 2-4 , has a particularly significant confirmation in the result of the corrosion potential. The increased corrosion resistance of these layers in relation to the very material of the substrate (fluence 0) reaches very high positive values, for example, for untreated steel 304 E corr it is circa -80 mV and with a layer produced at a fluence of 50 J/cm 2 it reaches the values which are characteristic of a very chemical-resistant precious metals of circa 220 mV (Fig. 5a ). This proves not only the continuity of the layer but also its tightness, adhesion as well as its chemical and physical structure, which cannot be stated only by reference to the elemental composition - Fig. 1 . The layers produced for the subsequent fluences of laser radiation are not continuous, which is confirmed by observations - Fig. 2-4 . The values of their corrosion potentials fall rapidly to the value of bare steel and even below. Particularly noteworthy is the monotonicity of changes in the corrosion resistance of layers on each steel and for fluence values exceeding 50 J/cm 2 , it does not occur similarly to the degree of surface cracking Figs. 2-4 , as it might be expected, but in a very similar way as it is in the case of the subsurface content of chromium 1b. This means that the cracking degree of layers, width and the number of gaps is of secondary importance because the moment the electrolyte has contact with the substrate along with the increase in anode potentials, it generates corrosion processes which are controlled only by corrosion resistance of the substrate, and in this case it mainly depends on the content of chromium bonded in the oxide passivation [12] . However, this conclusion is not confirmed in the measurement results of breakdown potentials Fig. 6 . We can observe a constant decrease in resistance onto layer breakdown along with fluence, which clearly corresponds to observations as regards continuity of layers Figs. 2-4 . Therefore, there is no equal access of the electrolyte to the substrate for each of the layers with fluence higher than 50 J/cm 2 as it could be concluded from the above considerations. The course of variability of corrosion current intensities in the fluence function is also interesting. The corrosion potential identifies areas of particular processes occurrence, whereas the corrosion current, especially its density, determines the intensity of individual processes. The corrosion rate is determined on the basis of this value. Observing the curves in Fig. 5b Above these values the range of corrosion currents corresponds to values of steels which were not treated with laser. This representation slightly deviates from monotonicity of changes in corrosion potentials. Following the previous considerations, we can therefore discuss the following conclusion: there are three areas of dependencies of corrosion processes intensity on laser radiation fluence producing surface layers such as: 1. The area of the fluence value up to 100 J/cm 2 , very high corrosion resistance resulting from peculiar properties of the passivation layer, maximum of resistance at 50 J/cm 2 2. The area of the fluence value above 200-250 J/cm 2 due to the discontinuity of outer layers, the resistance of the substrate material decides about corrosion resistance taking into account the fact that as a result of thermal effect of the laser beam in the subsurface layer, a change in the chrome content took place -which determines resistance Fig. 1b.  3 . The area from 100 J/cm 2 to 200-250 J/cm 2 -a mixed influence of factors determining corrosion resistance in both neighboring areas. Resistant surface layers are discontinuous and do not protect the material, the availability of the electrolyte to the surface results in the fact that the corrosion potential values depend on the chromium content at the surface. In contrast, the tightness of surface layers is high enough to generate additional corrosion cells between layers and the substrate material resulting in increased intensity of corrosion processes, which in turn results in a high value of corrosion current densities. A simultaneous occurrence of both elements which control corrosion processes continues during potentiodynamic measurements up to such a potential value when macroscopic breakdown of layers and a dramatic increase in current density occurs -electrolysis.
Conclusions
Within the framework of the discussed research, the analysis of the influence of laser radiation fluence generating colour layers was carried out on the following three different types of stainless steel: AISI 304, AISI 316 and AISI 321 on the physical and chemical structure and the corrosion resistance of these layers. The surface analysis of layers with the use of SEM scanning microscope with EDX adapter was carried out. Analyzing the obtained results it was found that depending on the value of accumulated fluence the contents of particular alloy elements (Fe, Cr, Ni, O) in subsurface layers undergo changes. Migration of chromium from the surface to the subsurface layers was also found, which significantly formed corrosion resistance and the scope of migration depended on laser radiation fluence. The change in the corrosion resistance of particular colourful layers on each type of steel in a fluence function of laser radiation was determined in electrochemical experiments with the use of a potentiodynamic method. The results of comprehensively compiled research methods make it possible not only to determine the influence of the value of laser radiation fluence on corrosion resistance of the layers produced under its influence, but also to determine the mechanisms of corrosion occurrences there. By analyzing the obtained results a discussion about possibly occurring phenomena and their mechanisms was generated. It was also found that there is a possibility of producing layers with very high corrosion resistance and the scope of production parameters of such layers was specified.
